energy to nearby oxonols on the outer leaflet via FRET (Forster, 1948) . Changes in membrane potential are inferred from changes in the extent of emission from the directly excited coumarin and/or the resonantly excited oxonol.
We screened two different coumarin molecules, a previously described phosphatidylethanolamine derivative (CC1) (Gonzalez and Tsien, 1997) and a newly synthesized compound, NϪ(2Ϫ[octadecyldimethylammonio] ethyl)-6-chloro-7-hydroxycoumarin-3-carboxamide (CC3) ( Figure 1B ) (see Experimental Procedures). Application of either molecule to desheathed ganglia resulted in strong staining of essentially all somata (cf. dark-field and fluorescent images; Figure 1C ) and weak staining of the neuropil. Although neurons were stained more strongly with the CC1 coumarin at equal concentrations of the dyes (Figure 1D ), the CC1 coumarin caused appreciable degradation of cellular structure and decreased resistance of cell membranes for concentrations above 20 M ( Figure 1E ). In contrast, the CC3 coumarin did not significantly affect membrane resistance at concentrations up to 160 M, which corresponds to the brightness of staining achieved with concentrations of CC1 of ‫05ف‬ M. All subsequent measurements were performed with ganglia stained with 100 M solutions of CC3.
Oxonols may be synthesized with a range of hydrophobicities. Increasing hydrophobicity makes the dye more difficult to load into cell membranes but speeds the equilibration of the dye across the membrane in response to changes in transmembrane potential. Since Figure 2A ). The emission from the oxonol decreased with an increase in transmembrane potential, consistent with a decrease in FRET, when the distribution of the negatively charged to the outer leaflet of the cell membrane and is directly excited by the incident illumination. A negatively charged oxonols was shifted away from the coumarin molecules in the outer leaflet of the membrane. Further, the emisoxonol molecule shuttles across the hydrophobic core of the membrane and is distributed between the outer sion from the coumarin was precisely out of phase with that from the oxonol ( Figure 2B ). and inner leaflets of the membrane according to the transmembrane potential (Gonzalez and Tsien, 1997) .
We examined the sensitivity of the change in emission from the oxonol as a function of transmembrane potenThe absorption spectrum of the coumarin had minimal overlap with that of the oxonol, such that there was tial. Individual neurons were driven by applying square waves, 5-10 mV in amplitude and with a frequency of 1 negligible direct excitation of the oxonol. On the other hand, the emission spectrum of the coumarin had subHz, under voltage clamp. We measured the fractional change in fluorescence at the drive frequency from difstantial overlap with the absorption spectrum of the oxonol, such that the coumarin could efficiently transfer ferent transmembrane holding potentials. The sensitivity Of critical importance for our studies, the observed phase at a fixed frequency was independent of the identity of the neuron analyzed ( Figure 3C ). Further, the shift was independent of the amplitude of the rhythmic potential ( Figure 3D ). These relationships show that the optical signal may be used to obtain accurate phase information for each active neuron. For the 1 Hz swim rhythm, we observed a shift of φ opt-elec ϭ 0.32 Ϯ 0.01 radians (mean Ϯ SEM) (arrow, Figure 3C ). This shift is a constant that may be subtracted from the phase of the measured coherence for all neurons in an optical field.
Phase-Sensitive Detection
As a means of maximizing our ability to detect rhythmic signals with low signal-to-noise ratios, we characterized the involvement of each neuron in a rhythmic pattern in terms of the value of the coherence between the optical signal for the neuron and a common reference. The coherence is a complex valued function of frequency whose magnitude has a value of one for spectral components that covary with a constant phase shift and whose magnitude has a value that is less than one for components that fluctuate independently. In our analysis, neurons were considered to be phase locked to the reference signal when the magnitude of their coherence exceeded a threshold value, chosen as a 95% confidence level and calculated in two independent ways (see Experimental Procedures). The phase of the coherence, after subtraction of the common shift φ opt-elec , determines the timing of the rhythmic output relative to that of the reference. We denote the corrected phase shift as ⌬φ, with the convention that positive values of ⌬φ correspond to a lag in phase relative to the reference. Figures 6G-6I) . above analysis to all cells in the field. We observed that
We identified candidates for nearly all motor neurons eight neurons, in addition to Cell 3, showed significant that were previously determined to be active during coherent activation ( Figure 5B) ; the phases of those swimming (Ort et al., 1974) . The relative phase of their neurons that exhibited significant coherence are shown activity clustered into two groups, one synchronous with as saturated color inserts in Figure 5C . The phases of the output from Cell 3 (Cells 2, 3, 5, 7, and 107) and one the rhythmic activity of these neurons could be grouped with a phase lag near ⌬φ ≈ radians (Cells 1, 4, 8, and into two clusters, one in synchrony with the output of 102). Notably, the phase shift between Cells 1 and 3 Cell 1 (⌬φ ≈ 0.1 radians) and the other with a phase during swimming was the same as that observed when lag of ⌬φ ≈ 1.3 radians ( Figure 5B) . The neurons that Cell 1 was driven directly (cf. Figures 5B and 6E) . We also were synchronous with Cell 1 nominally occupied the observed significant rhythmic activity in presumptive location of a ventral inhibitor, Cell 2 (d in Figure 5A) 6D and 6G). represent previously unknown followers of Cell 1 (conOur statistical criterion that the magnitude of the cofirmed in 10 of 13 trials).
herence exceed two independent estimates of the 95% confidence limit appeared to be conservative. Two exImaging Neurons that Are Rhythmically Active amples are considered. In the first, the magnitude of in Fictive Swimming the coherence was significant for only one of the two To characterize the activity of neurons during fictive confidence estimates for a set of trials that involved Cell swimming, we focused on the dorsal hemiganglion and 1 ( Figure 6B ). However, the relative phase shift deterimaged overlapping optical fields that tiled much of this mined from the optical records was confirmed by impalface of the ganglion (ten preparations). These fields ening this cell and recording the intracellular potential of compassed many neurons that were previously shown Cell 1 relative to that of Cell 3 ( Figure 6E ). In a second to be involved in the swim rhythm ( Figure 6A ). 
, 1974). contains bursts of large spikes from Cell 3 during swim-
The online computation of the coherence allowed us ming cycles , served as the reference to impale and confirm the identity of interneurons. The signal. The identity of neurons that were phase locked somata of these neurons are generally small compared to the reference signal were inferred from their location with those of motor neurons, with concomitantly less and the phase of the coherence, and, for some preparaemission and a lower signal-to-noise ratio for their detions, the identification was confirmed by simultaneous tection. We were thus concerned that interneurons intracellular recordings from selected neurons.
might not be identified accurately. In one field (Figure We consider neurons in a set of three fields that cov-6I), the online computation revealed a small cell near ered the anterior and much of the posterior dorsal hemithe anterior midline with significant coherence (trial 3, ganglion ( Figure 6 ). We calculated the coherence be- Figure 6C ). The rhythmic output of this neuron was tween the optical signals for each neuron in the optical nearly synchronous with that of Cell 3 ( Figure 6F ). Intrafield and the reference signal over multiple trials (three cellular recording from this cell (trial 14, Figure 6C ) conto nine), each of which was 10 s in duration. Many neufirmed that it produced an oscillating potential with the rons in each field exhibited significant levels of coherknown phase relation and amplitude for Cell 115 (Brodfuehrer et al., 1995). This neuron was identified in four ence with the swim rhythm (Figures 6D-6I) . Neurons in phase of Cell 3 in each preparation is aligned at ⌬φ ϭ 0 radians because the bursts in the DP recording, used to define the reference phase, are produced during the peak depolarization of Cell 3 (Ort et al., 1974) . Dashed circles represent the 95% confidence level, computed from randomized data sets (see Experimental Procedures), for the magnitude. Data for neurons whose coherence was not significant by two criteria are not shown, with the exception of specific cases (see text) depicted in gray. The labels E1, E3, and E115 refer to intracellular recordings from the respective neurons. For (F) only, in which the activity of Cell 3 was determined from the activity of the DP nerve in a neighboring ganglion, the interganglionic phase shift of 0.08 radians (Kristan et al., 1974) distributed networks allows them to function in the abThe specific role of these neurons in the generation of sence of specific neurons. the swim rhythm will be a matter of additional investigation.
Improvements With the present equipment and levels of optical excitaThe Coumarin Donor CC3 tion, we could detect neurons with voltage swings as The third generation coumarin donor CC3 ( Figure 1B) low as 2 mV (peak to peak) over the period of a swim was designed to have only one long alkyl chain and to be bout, about ten cycles, close to the noise limitation. a zwitterion at physiological values of pH. The previous However, technical noise sources, such as motion of coumarin-labeled phosphatidylethanolamine, CC1 (Fig- the preparation and wander of the arc in the illuminator, ure 1B), had two alkyl chains and a net charge of Ϫ2e.
often decreased this sensitivity to swings of 5 mV over An adsorbed CC3 coumarin should contribute about half a swim bout. The dominant contribution to the shot noise as much additional cross-sectional area to the outer was emission from dye that was outside of neuronal leaflet of the plasma membrane as a CC1 molecule membrane. Optical sectioning, either by spatial modulawould. Further, there should be little net electrostation of the illumination (Neil et al., 1997) or by a scanning tic interaction between CC3 zwitterions and oxonols, technique (Pawley, 1995), will reduce contributions from whereas CC1 dianions could repel the oxonol, contrary inactive tissue and from out-of-focus light and will into the goal of efficient FRET from coumarins to oxonols crease the sensitivity of future measurements. Replaceon the same leaflet of the membrane. We observed that ment of the coumarin donor by a genetically targetable CC3 indeed performed better than CC1, but most imporfluorophore might help confine the optical signal to spetantly, CC3 had less deleterious effect on cell input resiscific cells. Reduction of technical noise sources and an tance ( Figure 1E ). This advantage might be explainable increase in signal can be achieved by simultaneously from the design features of CC3. The adsorption of dianimeasuring the emission from both the oxonol and the onic CC1 to the outer leaflet of the membrane is expected coumarin molecules (Gonzalez and Tsien, 1995) . to decrease the electric field across the membrane, Oxonols with faster equilibration times across the which mimics depolarization, whereas zwitterionic CC3 membrane will be required in order to study CPGs or would avoid this effect.
other circuits with dynamics faster than ‫1ف‬ Hz. Faster dyes are more hydrophobic, however, and are thus harder to load into tissue. We used an ethyl oxonol Frequency-Domain Analysis Phase-sensitive detection of rhythmic optical changes because of the ease and uniformity of staining and the high sensitivity to the transmembrane potential (␤ ϭ 0.8 is a form of temporal averaging that is appropriate for the study of neural systems with periodic electrical activity.
[ Figure 2C of the 95% confidence interval was derived from a calculation of the ms width, 10 Hz repetition) applied through a suction electrode. We probability distribution function for the coherence that was based on recorded from the DP nerves in the eleventh or thirteenth ganglion randomized data from all measured neurons and trials for a given as a reference signal. To facilitate swimming, 5-hydroxytryptamine preparation. We computed the distribution of the magnitudes of the (5-HT) was added to the Ringer solution for a final concentration of coherence using shuffled optical signals (500 independently shuffled [5-HT] ϭ 50 M (Brodfuehrer et al., 1995) . records for each trial) and the measured reference signal. We chose Two physiological measures confirmed that isolated leech nerve our confidence level as the 0.95 level of this distribution. A second cords produced normal swimming rhythms after staining with couestimate was defined as twice the standard deviation (95% level marin and oxonol. First, the spike pattern in extracellular recordings for a normal distribution) of the magnitude of the coherence as from the DP nerve was normal and produced bursts at the expected determined from a jackknife estimate over multiple estimators of frequency of 1 Hz. Second, the phase difference between the output the coherence (2 mag ; Equation 6). Unless noted, we required that of motor neurons Cell 1 and Cell 3 during the swim rhythm, recorded the magnitude of the coherence at a particular frequency exceed with intracellular electrodes, was ⌬φ ≈ 0.7 radians ( Figure 6B) ; both measures. this is consistent with previous results (Granzow et al., 1985) .
